Illegal discharges are of great concern among industry activities, since they occur under uncontrolled conditions. In most cases, effluents are acidic and the concentrations of heavy metals are very high. With this in mind, the main goal of this study was to evaluate the sorption on a soil of two of the most toxic heavy metals, Cr(VI) and Pb(II), in those conditions.
a b s t r a c t
Illegal discharges are of great concern among industry activities, since they occur under uncontrolled conditions. In most cases, effluents are acidic and the concentrations of heavy metals are very high. With this in mind, the main goal of this study was to evaluate the sorption on a soil of two of the most toxic heavy metals, Cr(VI) and Pb(II), in those conditions.
A loamy sand soil was collected in Oporto, Portugal. Batch equilibrium and sorption kinetics were evaluated using both metals solutions, with concentrations ranging from 50 mg L −1 to 200 mg L −1 , at pH 2 and 5, between 2 h and 288 h.
To evaluate the sorption equilibrium, eight isotherm models were fitted to experimental data. The best adjustments were observed for the Redlich-Peterson and Khan models for the adsorption of chromium (R 2 = 0.99), and of lead (R 2 = 0.99), respectively. The sorption kinetics was evaluated using three models -Elovich, pseudo first order and an empirical power function. The retention of lead was almost instantaneous and the empirical power function described better the sorption kinetics of chromium (0.89 < R 2 < 0.99). In addition, flow experiments were performed with effluents of both metals (50 mg L −1 ) at pH 2 and 5, for about 90 h. Results revealed a high retention of chromium and a weak retention of lead, for low pH values. FTIR analyses to the column samples revealed that clay minerals have an important role in the retention of both metals.
© 2009 Elsevier B.V. All rights reserved.
Introduction
Release of heavy metals into soils, as a result of anthropogenic activities like disposal of industrial effluents and spreading of sewage sludge, has raised the concentration of heavy metals in soils to toxic levels [1] [2] [3] . Therefore, the study of sorption processes is of utmost importance to understand how the contaminants are transferred from the liquid phase to the solid phase and retained therein [4, 5] . Moreover the understanding of the contamination processes of this particular loamy sand soil is fundamental for the recovery of extensive polluted areas, as this type of soil is very common in industrialized regions.
Chromium and lead are among the most toxic heavy metals present in some industrial effluents, which are sometimes directly discharged in soils. Chromium has been widely used among various industries, such as metal plating and leather tanning. The most stable oxidation states of chromium commonly found in nature are Cr(III) and Cr(VI) [6] [7] [8] [9] . While Cr(III) is essential for metabolic processes, Cr(VI) is toxic and carcinogenic. Moreover, as an oxyanion, is highly mobile in soil and water [10] [11] [12] . On the other hand, lead has a low mobility and is strongly retained by soil constituents. Lead occurs mainly as a divalent cation -Pb(II) -which, being not essential to plants or animals, is known to be hazardous to health [13, 14] . Exogenous sources of lead in soil include fossil fuels, mining and smelting operations, and road runoff water [15, 16] .
The retention on soils of both metals is controlled mainly by redox reactions, precipitation, nucleation and adsorption/desorption processes [13, 17] . These sorption processes are affected by many factors (e.g. organic matter, cationic exchange capacity, pH of soil). Many studies have focused on the sorption of chromium and lead under different experimental conditions, but always at the equilibrium pH of the soil and/or with low concentrations of those metals [1, [18] [19] [20] [21] . However, acid spills of high contaminated industrial effluents occur sporadically, and a different behavior of those contaminants could be expected.
Therefore, the aim of this study is to evaluate the sorption processes of Cr(VI) and Pb(II) present in acid solutions highly concentrated. Specifically, batch equilibrium experiments to generate sorption isotherms and kinetic data using single metal solutions at initial pH of 2 and 5, were undertaken. In addition, to obtain better and more realistic means of evaluating soil performance at the tested pH values, column experiments were also performed.
The retardation factor -R -was determined by the method used previously by the authors [22] . Batch tests data were analyzed and fitted by eight sorption isotherms -Freundlich, Langmuir, Dubinin-Radushkevich, Temkin, Redlich-Peterson, Khan, Sips and Toth -and three kinetic models -Lagergren, Elovich and empirical power function equation -since some of these models have been successfully used to predict and compare sorption performance of various soils and heavy metals [1] [2] [3] 13, 20, 23, 24] .
FTIR spectra analyses performed on different samples of contaminated soils indicate that clays play an important role in the overall retention process and the presence of surface groups usually responsible for metal ions adsorption was confirmed.
Theory

Sorption kinetics
Lagergren's first order rate equation is the oldest known one describing the adsorption rate based on the adsorption capacity. It assumes that the reaction rate is limited by only one process or mechanism on a single class of sorbing sites and that all sites are of the time dependent type [3, 25] :
Elovich's equation is useful to describe sorption reactions without desorption of products. The adsorption rate decreases with time due to the increased surface coverage [26] :
In this study the Power Function Equation was also used. Besides its empirical character, this equation provides a good method to compare experimental results [1, 5] :
In these equations t is the contact time (h); q t is the amount of metal sorbed per unit mass of soil at time t (mg kg −1 ); k 1 is the first order rate constant (h −1 ); q e is the amount of metal sorbed per unit mass of soil at equilibrium (mg kg −1 );˛is the initial adsorption rate (mg kg 
Equilibrium models
Four isotherm models with two adjustable parameters and four models with three adjustable parameters were used to describe the experimental data.
Two parameters isotherms
Freundlich equation assumes that the stronger binding sites are occupied first and that the binding strength decreases with the increasing degree of site occupation. It is described as:
where q e is defined earlier, C e is the concentration of metal in the solution at equilibrium (mg L −1 ); k F is the distribution coefficient (L 1/n mg kg −1 mg −1/n ) and n is a correction factor [5, 27] .
A form of Langmuir isotherm is commonly applied to adsorption of heavy metal ions onto soil. It assumes that adsorption occurs until the solid surface is completely covered by a layer of molecules/atoms:
where q max is the maximum amount of metal that can be adsorbed (mg kg −1 ) and b L is a constant related to the binding strength (L mg −1 ) [5, 28] .Dubinin-Radushkevich equation is used to describe systems where the dispersion forces are the dominant component of the adsorption interaction:
where q D is the maximum adsorption capacity (mg kg −1 ); B D is the activity coefficient (mol 2 J −2 ) related to mean sorption energy -E -(J mol −1 ), which may be calculated by [29] [30] [31] :
The Temkin isotherm considers that the heat of adsorption of all the molecules on the layer decreases linearly with coverage:
where R is the gas constant (J mol −1 K −1 ), T is the absolute temperature (K), b Te is the constant related to the heat of sorption (J mol −1 ) and a Te is the Temkin isotherm constant (L mg −1 ) [30, 32] .
Three parameters isotherms
The Redlich-Peterson equation was proposed to improve the fit by the Langmuir or the Freundlich equation:
where k RP is the Redlich-Peterson model isotherm constant (L kg −1 ), a RP is the model constant (LˇR P mg −ˇR P ) andˇR P is the model exponent [33] .
Khan proposed a simple expression for a generalized model for a single solute that can cover extreme cases of Langmuir and Freundlich type isotherms:
where q max was defined earlier, b K is the Khan model constant (L mg −1 ) and a K is the model exponent [34] .
The Sips equation predicts a monolayer sorption capacity for high sorbate concentrations and reduces to Freundlich equation for lower sorbate concentrations:
where k S is the Sips model isotherm constant (mg LˇS mg −ˇS kg −1 ), a S is the model constant (LˇS mg −ˇS ) andˇS is the model exponent [30, 35] . The Toth's model derived from the potential theory and applies to heterogeneous adsorption:
where k T is the Toth model constant (mg n T L −n T ) and n T is the model exponent [30, 36] .
Material and methods
Soil characterization
A bulk soil sample was collected in Póvoa de Varzim, Oporto, Portugal at depth of 0-50 cm, near EN 13 road (41 • 25 15 .58 N and 8 • 45 58.27 O). The soil was air-dried, homogenized and sifted through a 2.0 mm stainless steel sieve.
The Cr and Pb concentrations in soil were determined by flame atomic absorption spectrometry (Varian SpectraAA-400), after microwave (Aurora Instruments MW600) digestion with nitric acid using US EPA method 3051A [37] . Soil pH was determined with 1:1 soil/water suspension. Particle distribution was determined by laser granulometry (Beckman-Coulter mod. LS230), the cationic exchange capacity and exchangeable cations were quantified using ammonium acetate at pH 7 [38] and the Mehlich methods [39] , respectively. Organic matter content was determined by the Tinsley method [40] . The major mineral composition was determined by X-ray diffraction analysis (Philips PW3710).
Batch experiments
Batch experiments with Cr and Pb were performed by adding 20 mL of single-metal solution, to 2 g of soil samples in 50 mL polypropylene tubes. Solutions with varying concentrations were prepared from PbCl 2 
where C e was defined earlier, C i is the initial concentration of metal in the liquid phase (mg L −1 ); V is the volume of metal solution (L) and W is the weight of the soil sample (kg).
Column tests
For the continuous flow experiments, 160 g of soil were manually packed into a column of Perspex (25 cm × 3.2 cm) forming a soil bed with 17 cm and a porosity of about 0.32. Deionised water was initially passed at a slow and steady rate to saturate the column.
Then, 20 litters each of PbCl 2 and K 2 Cr 2 O 7 solutions were prepared with 50 mg L −1 of Pb or Cr, respectively. The pH was adjusted to values of 2 or 5, with HNO 3 and NaOH. The solutions were passed upwards through the columns via a peristaltic pump (Q ≈ 2.6 mL min −1 ) to ensure saturated flow conditions. Samples of the column effluent were collected, acidified after pH measurement, and analyzed by flame atomic absorption spectrometry. All experiments were made in duplicate.
After the assays, soil beds were sliced in three samples that were properly homogenized. Than a sample was digested, with nitric acid, in microwave, according US EPA method 3051A [37] and analyzed by flame atomic absorption spectrometry. Soil samples were also characterized, in duplicate, with transmission FTIR (BOMEM MB104) on KBr pressed pellets. Background correction for atmospheric air was used for each spectrum. The resolution was 4 cm −1 with minimum of 10 scans for each spectrum and the range was 500-4000 wavenumbers. Spectra were analyzed by comparing the absorption bands of the samples with known absorption frequencies for different types of bonds. Table 1 resumes the characterization of the studied soil sample. It was classified as an acidic loamy sand soil, with a high content in organic matter. The cationic exchange capacity is low. From the focused metals, only Cr is present in this soil but in a concentration allowed by national legislation (50 mg kg −1 ). The predominance in the clay minerals belongs to kaolinite, followed by illite, esmectite and interstratified material. Table 2 shows the adjusted parameters of the kinetic equations for experiments with Cr. According to the correlation coefficient values (R 2 ), better adjustment was achieved with the empirical power function, represented in Fig. 1a and b for each data set. The initial concentration did affect the estimated apparent sorption rate ( ), which increases with the initial metal concentration in liquid phase (Table 2 ). This is indicative that the rate limiting factor is affected by metal initial concentration [41] . Fig. 1a and b shows that for similar initial concentrations of Cr, lower values of metal adsorbed per mass of soil were obtained for pH 5. Actually, the rate constants of the empirical power function are smaller than those obtained at pH 2 (Table 2 ). According to Impellitteri et al. [42] , soil with pH-dependent charge tends to deprotonate with increasing pH. However, Cr adsorption is favored if surfaces are positively charged, increasing with reduced pH, since the most common species are in the anionic form (HCrO 4 − , CrO 4 2− and Cr 2 O 7 2− ). This may explain the higher rate constants values for pH 2 [10] . In fact, the pH of the liquid phase tends to increase along the batch experiments revealing the protonation of soil surface.
Results and discussion
Soil characterization
Batch experiments 4.2.1. Sorption kinetics
The correlation coefficients obtained for the adjustment of the Elovich equation to Cr adsorption kinetics revealed a good fitting (Table 2 ). In fact, the graphs of Fig. 1a and b show the typical behavior described by this model. There is a high rate adsorption at the beginning which decreases along time [43] . The initial higher rate of metal sorption has been attributed to adsorption on high affinity surface sites or on sites with higher bonding strength with the metal. Once these sites are exhausted, the uptake may be controlled by diffusion, precipitation and/or sorption reactions on sites with higher activation energy [44] . During the assays on Pb, with the initial solutions at pH 5, precipitation was noticed. In fact, in Fig. 1d it is obvious that the whole Pb was retained in the solid phase. On the other hand, at pH 2, the adsorption occurs rapidly, Fig. 1c . Consequently, the tested models did not adjust the adsorption kinetics of Pb in the same conditions tested for Cr.
Equilibrium models
Once more it was not possible to obtain a good fitting with any of the tested isotherm models in the case of Pb adsorption at pH 5. Therefore, Table 3 shows the results obtained with initial solutions of both metals at pH 2. An overall analysis reveals that almost all isotherm equations fit better the experimental data obtained in batch test with Pb, compared to Cr. Besides, among the two parameters models, Langmuir equation presents the best fitting for Pb (Fig. 2) , meaning that these cations are strongly adsorbed as a monolayer covering the solid surface. According to this model, Cr shows more affinity to this soil, since the parameter b L found is higher. However, the tested soil showed a higher maximum adsorption capacity -q max -for Pb, as it can be seen in Table 3 . This can be explained by the hard-soft acid-base principle. The sorption capacity increases with increasing polarizability and ionic radii and decreasing electronegativity, thus decreasing hardness [45] . According to Ghosh and Biswas [46] , the global hardness of Pb is lower than the global hardness of Cr, explaining the lower value of the Langmuir constant -q maxfounded for this metal. For Cr, the best fit was obtained with the Dubinin-Radushkevich equation (Fig. 2) and the value obtained for the mean energy sorption is lower than 8 kJ mol −1 , which indicates that adsorption is mainly physical due to weak Van der Waals forces [47] .
From the three parameter models fitting, the best correlation coefficients were found for Redlich-Peterson isotherm applied to Cr adsorption and for Khan equation applied to Pb(II) adsorption (Table 3) . Redlich-Peterson and Khan equations, properly represented in Fig. 2 , covers Langmuir and Freundlich isotherms, suggesting the existence of a monolayer strongly adsorbed on the solid surfaces, and, eventually, one or more layers weakly adsorbed due to distance to soil surface [28, 30, 34] .
Column tests
Variations of Cr and Pb concentration in the effluents [C (mg L −1 )] relative to the influent [C i (mg L −1 )] are shown as breakthrough curves (C/C i vs t) in Fig. 3 . As it was mentioned before the Cr oxyanions (HCrO 4 − , CrO 4 2− and Cr 2 O 7 2− ) are weakly sorbed by soils under alkaline to slightly acidic conditions leading to high mobility in the subsurface [11] . Thus, Cr appears in higher concentrations in the leachate of the column fed with dichromate solution at pH 5, Fig. 3a . As it can be seen in Fig. 3c , pH values of the column fed with Cr solution at pH 2 decreased fast. This may be due to the high concentration of protons in this influent that are rapidly sorbed by soil, which has a low buffering capacity, implying a large number of positively charged sites that can retain Cr oxyanions [22] . On the other hand, the lowest concentration of protons in the influent at pH 5 leads to a slower protonation of the solid surfaces. However, these differences can also result from Cr(VI) reduction to Cr(III) that is less mobile due its stronger adsorption and complexation. Other researchers [48, 49] showed that organic compounds do not directly reduce Cr(VI) at pH values greater than 2, which can explain the higher retention of Cr in the soil column at pH 2, as it can be seen in Fig. 4 by the higher values of metal concentration in the three soil bed sections. Also, the determination of the retardation factor, by the method used elsewhere by the authors [22] , confirmed the higher retention of Cr at pH 2, Table 4 .
The breakthrough curve shown in Fig. 3b for the assay with Pb influent at pH 5, indicates that no saturation occurred in this column. On the other hand, at pH 2, Pb showed higher mobility. In fact, the retardation factor obtained for this influent is about 19 times higher than the retardation factor obtained for the influent at pH 2 containing the same concentration of Pb (Table 4) . This behavior is due to the high pH values of the efluent along the experiment at pH 5, as it can be seen in Fig. 3d , which promotes the Pb precipitation. Accordingly, Fig. 4 shows a higher retention at the bottom of the column where the influent is feed, for the tests at pH 5, implying a promptly high immobilization. In contrast, the effluent pH along the experiment at pH 2 tends to decrease due to the already mentioned lower buffering capacity of the soil, avoiding precipitation phenomena. Fig. 5 shows the FTIR spectra of the soil samples of the bottom, centre and top of the columns bed after the sorption tests with the influent at pH 2 and of an uncontaminated soil sample. Clay minerals represented by the SiO-H stretch at 3695 cm −1 , 3620 cm −1 , Si-O-Si stretch at 1030 cm −1 and a small weak band at 694 cm −1 appear to play an important role in the sorption process of both metals, especially of Pb, since these bands tend to overlap for the contaminated samples [5, 50, 51] . In fact, heavy metals are sorbed by a variety of soil phases with hydroxyl groups on their surfaces and edges including the clay minerals, where sorption reactions are often more rapid. FTIR spectra of the soil used in Pb experiment shows a variation of O-H bend of adsorbed water (∼1635 cm −1 ), suggesting the formation of PbOH + in the surface. The soil sample contains some natural organic matter that greatly adsorbs trace metals resulting in the overlapping of the C-H stretch band (2920 cm −1 , 2850 cm −1 ) in both spectrums. As already mentioned in previous sections, in the case of Cr this phenomenon can also result from the reduction of Cr(VI) to Cr(III) by natural organic matter [11, 50, 52, 53] .
FTIR spectral analysis
Conclusions
The retention of Cr oxyanions and Pb cations onto a common loamy sand soil was studied at low different pH and high initial concentrations of the contaminating solutions. Despite the solution pH used in the batch tests, the cations of Pb are always rapidly retained in opposition to Cr whose sorption occurs slowly. The sorption kinetics of this ion is well described by the empirical power function and its rate constant increased with decreasing pH. The equilibrium studies showed that Pb adsorption was well described by the Langmuir monolayer theory and that Cr is retained mainly by physical adsorption described by Dubinin-Radushkevich model.
Finally, the continuous tests confirmed the high retention of Pb that increases with pH due to precipitation. It was also showed that Cr(VI) reduction, suggested by FTIR results, and the protonation of soil groups at low pH values are responsible for the higher retention of Cr onto soil. However, according to FTIR results, both metals adsorb mainly on the hydroxyl groups at the edge of the clay minerals.
In short, both metals have great mobility in acid environments threatening the quality of groundwater near industrial environments.
